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Abstract 
The aim of the present investigation was to
evaluate whether routinely frozen biopsies of
human skeletal muscle may be suitable for
morphological  and  immunocytochemical
analyses at transmission electron microscopy.
The fixation/embedding protocols we success-
fully used for decades to process fresh mam-
malian tissues have been applied to frozen
muscle biopsies stored for one to four years in
liquid  nitrogen.  After  2.5%  glutaraldehyde  -
2% paraformaldehyde - 1% OsO4 fixation and
embedding in epoxy resin, the ultrastructural
morphology of myofibres and satellite cells as
well  as  of  their  organelles  and  inclusions
proved to be well preserved. As expected, after
4%  paraformaldehyde  -  0.5%  glutaraldehyde
fixation  and  embedding  in  LR  White  resin,
the  morphology  of  membrane-bounded
organelles  was  relatively  poor,  although
myofibrillar and sarcomeric organization was
still  recognizable.  On  the  contrary,  the
myonuclei  were  excellently  preserved  and,
after  conventional  staining  with  uranyl
acetate, showed an EDTA-like effect, i.e. the
bleaching  of  condensed  chromatin,  which
allows  the  visualization  of  RNP-containing
structures. These samples proved to be suit-
able  for  immunocytochemical  analyses  of
both  cytoskeletal  and  nuclear  components,
whereas the poor mitochondrial preservation
makes unreliable any in situ investigation on
these organelles.
Keeping  in  mind  the  limitations  found,
these results open promising perspectives in
the study of frozen skeletal muscle samples
stored in the tissue banks; this would be espe-
cially  interesting  for  rare  muscle  diseases,
where the limited number of biopsies suitable
for ultrastructural investigation has so far rep-
resented a great restriction in elucidating the
cellular  mechanisms  responsible  for  the
pathological phenotype.
Introduction
Analysis  by  transmission  electron  micro  -
scopy (TEM) of human pathological biopsies is
in general a difficult task, since the careful and
immediate processing of the biological materi-
al is often hardly compatible with the surgical
theatre. 
After removal of the tissue from the body,
spontaneous anoxic phenomena occur causing
structural  and  molecular  alterations:  the
shape, size and electron density of cell compo-
nents may be modified by autolytic processes;
some cellular materials (e.g. glycogen, lipids,
lysosomal enzymes) may either disappear or
re-locate;  some  enzyme  activities  may
increase or decrease.
1,2 This implies that TEM
often  represents  a  non-essential  adjunct  to
light microscopy in pathological studies.
As a routine procedure, bioptic specimens
are fixed in formalin to be processed for histo-
logical  analysis  at  light  microscopy,  and/or
frozen in liquid nitrogen and stored therein or
at  -80°C  for  biochemical  and  histochemical
studies. 
Formalin-fixed samples have been already
demonstrated to be suitable for some electron
microscopy (EM) investigations,
3-7 but frozen
specimens are frequently inadequate because
of the ice crystals that form during the freez-
ing process, thus damaging cellular compo-
nents.
8,9
Recently, a technique has been proposed to
process frozen normal and pathologic pancre-
atic tissue for ultrastructural morphology; by
this method, most of the histological and cyto-
logical  features  proved  to  be  suitably  pre-
served.
10 However,  scarce  information  exists
on  the  possibility  to  use  frozen  biopsies  of
skeletal muscle for EM
11 and in particular for
ultrastructural immunocytochemistry.
In the present investigation, we applied to
routinely frozen specimens of human skeletal
muscle the fixation/embedding protocols suc-
cessfully used for decades in our laboratories
to process fresh mammalian tissues; the aim
was  to  evaluate  whether  muscle  biopsies
stored for one to four years in liquid nitrogen
can  suitably  be  used  for  morphological  and
immunocytochemical analyses at TEM.
Materials and Methods
Tissue collection
Samples  of  vastus  lateralis and  deltoideus
muscles were taken from healthy donors, after
informed consent. After removal, the biopsies
were kept at 4°C, trimmed of adipose and con-
nective tissues, cut into fragments of approxi-
mately 5¥5¥5 mm in size and then immersed
for 1 min in isopentane previously chilled with
liquid nitrogen. The excess of isopentane was
removed and the specimens were put in pre-
cooled  2  mL  vials  (Eppendorf,  Hamburg,
Germany), which were capped with a vented
lid and stored in liquid nitrogen until further
use. The frozen blocks used for the present
study were stored for one to four years. 
Other muscle tissue samples were cut into
small fragments (about 1 mm
3) immediately
after  removal  from  the  body,  and  fixed  by
immersion following the same protocols used
for frozen samples (see description below).
Processing of samples for TEM
The muscle samples were taken from stor-
age in liquid nitrogen and immediately dipped
into  different  fixative  solutions  previously
cooled at 4°C. 
For  conventional  ultrastructural  morpholo-
gy, the specimens were fixed with 2.5% glu-
taraldehyde and 2% paraformaldehyde in 0.1 M
PBS, pH 7.4, for 2 h at 4°C, rinsed with PBS,
post-fixed with 1% OsO4 for 2 h at room tem-
perature, dehydrated with acetone and embed-
ded in Epon 812. This procedure allows good
morphological  preservation,  but  most  of  the
tissue molecules undergo denaturation, thus
becoming undetectable by in situ cytochemical
techniques.
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For  immunoelectron  microscopy,  the  sam-
ples were fixed with 4% paraformaldehyde and
0.5% glutaraldehyde in 0.1 M PBS, pH 7.4, for 2
h at 4°C. After washing in PBS, the specimens
were treated with 0.5 M NH4Cl in PBS for 45
min at 4°C to block free aldehydes, dehydrated
with  graded  concentrations  of  ethanol,  and
embedded in LR White resin. This procedure is
optimal for antigen preservation, but the ultra-
structural morphology is relatively poor, espe-
cially because of the lack of well-defined cellu-
lar membranes.
Attempting  to  improve  the  ultrastructural
preservation  of  muscle  components,  further
frozen samples were processed for both mor-
phology  and  immunocytochemistry  by  using
the  same  fixation  solutions  described  above
but containing 3 mM CaCl2.
1,2
Ultrathin sections (70-90 nm in thickness)
of  Epon-embedded  samples  were  placed  on
copper grids and stained with uranyl acetate
and  lead  citrate.  Ultrathin  sections  of  LR
White-embedded samples were placed on nick-
el  grids  coated  with  a  Formvar-carbon  layer
and then either stained as above or processed
for immunocytochemistry.
Ultrastructural immunocytochemistry
To test the preservation of molecular reac-
tivity  in  both  the  cytoplasm  and  nuclei  of
myofibres,  some  ultrathin  sections  were
processed  for  immunocytochemistry  using
mouse monoclonal antibodies directed against
the  C-terminal  end  of  actin  (Clone  AC-40,
Sigma-Aldrich,  Buchs,  Switzerland;  dilution
1:200), the heavy chain of skeletal fast fibre
myosin (clone MY-32, Sigma-Aldrich; dilution
1:200), the phosphorylated form of RNA poly-
merase II (Research Diagnostic Inc., Flanders,
NJ, USA; dilution 1:100), or the (Sm)snRNP
(small nuclear ribonucleoprotein) core protein
(Abcam, Cambridge, MA, USA; dilution 1:10).
The sections were floated for 3 min on normal
goat serum diluted 1:100 in PBS and then incu-
bated for 17 h at 4°C with the primary antibody
diluted in PBS containing 0.1% bovine serum
albumin  (Fluka,  St.  Louis,  MO,  USA)  and
0.05% Tween 20. After rinsing, sections were
floated on normal goat serum, and then react-
ed for 30 min at room temperature with the
appropriate secondary 12 nm gold-conjugated
antibodies (Jackson Immuno Research Labor  -
atories, West Grove, PA, USA) diluted 1:10 in
PBS. The sections were rinsed, air-dried, and
finally weakly stained with uranyl acetate. As
controls, some grids were incubated without
the primary antibody and then processed as
described above.
All  samples  were  observed  in  a  Philips
Morgagni  transmission  electron  microscope
equipped with a Megaview II camera for digital
image acquisition.
Results and Discussion
In this study routinely frozen skeletal mus-
cle biopsies were processed for TEM following
the standard protocols used in our laboratories
to process any kind of mammalian tissue sam-
ples. In our experience, these protocols gave
excellent results when applied to skeletal mus-
cle specimens fixed by immersion immediate-
ly after dissection.
12-14
In the frozen muscle samples processed for
conventional  ultrastructural  morphology
(Figure 1), the general appearance of the tis-
sue was almost comparable to muscle tissue
immediately  fixed  after  removing  from  the
body (Figure 2), and no sign of ice-crystal dam-
age  was  found.  No  difference  was  observed 
among samples kept in liquid nitrogen for dif-
ferent periods, thus indicating that the key fac-
tor is the freezing process rather than the stor-
age  time.  However,  the  ultrastructural  mor-
phology was found to be good in the outer part
of the samples but it became relatively poor in
the  inner  part  (especially  concerning  mito-
chondrial morphology), so that the structural
preservation may be considered as acceptable
until about 2 mm depth.
The  cytoplasm  of  myofibres  was  mostly
occupied by longitudinally arrayed myofibrils,
where the sarcomere architecture was clearly
recognizable  (Figure  1  a,b)  and  the  spatial
arrangement  of  myofilaments  was  well  pre-
served  (inset  in  Figure  1b).  Sarcomeres
appeared to be more contracted in frozen sam-
ples than in immediately-fixed muscle tissue.
This contraction is known to be due both to the
biopsy procedure, which probably activates the
muscle contractile mechanism, and to the slow
action  of  the  fixatives  during  fixation  by
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Figure 1. Frozen muscle biopsies stored in liquid nitrogen for one (c), three (d) or four (a,
b) years, then fixed with 2.5% glutaraldehyde and 2% paraformaldehyde, post-fixed with
1% OsO4 and embedded in Epon. a. The myofibre shows a well-preserved peripheral cell
nucleus, cytoplasmic myofibrils longitudinally arranged in sarcomeres, and ovoid mito-
chondria lined along the myofibrils. Note a swollen damaged mitochondrion (arrow) and
a myelin figure (arrowhead). b. A satellite cell (large arrow) showing a small heterochro-
matic nucleus. Arrows indicate swollen mitochondria (occurring both in the satellite cell
and the adjacent myofibre) characterized by loss of cristae and a low matrix density. In the
inset, a cross section of a myofibril is shown. c, d. Details of a myofibre cytoplasm. c.
Glycogen (G) is present as both clusters and scattered among the myofibrils. A lipid
droplet (L) is partially surrounded by mitochondria. d. The membrane structures, as well
as most of the mitochondria, are well preserved and show numerous cristae and electron-
dense matrix granules. Note the swollen mitochondrion devoid of cristae (arrow). Bars: 
1 µm; inset 0.2 µm.[European Journal of Histochemistry 2010; 54:e31] [page 139]
immersion (in fact, the contraction does not
occur when fixation is performed by vascular
perfusion).
1,2 It is likely that the slower pene-
tration of fixatives in the frozen samples may
amplify this phenomenon, while the freezing
process would not play a primary role in the
induction  of  this  artefact.  The  mitochondria
were  lined  in  small,  longitudinally  oriented
cytoplasmic  areas  between  the  myofibrils
(Figure 1a, b, c): the majority of mitochondria
were ovoid-shaped with well preserved outer
and inner membranes, numerous transverse
cristae and a moderately electron dense matrix
containing electron dense granules; only a few
mitochondria  showed  rounded  shapes,
swelling, loss of cristae and lower matrix den-
sity (Figure 1a, b, d). The membrane struc-
tures were well preserved (Figure 1 d), and no
sign of the enlargement typical of post mortem
alterations  were  ever  found.  Lipid  droplets
sometimes partially surrounded by mitochon-
dria  were  properly  maintained  (Figure  1c).
Glycogen  was  also  preserved  (Figure  1c),
although  it  appeared  more  scattered  in  the
cytoplasm compared to muscle samples imme-
diately  fixed  after  dissection.  Glycogen  is
markedly affected by post mortem processes,
and undergoes significant decrease, de-loca-
tion  and  even  disappearance,  depending  on
the rapidity of fixative penetration; it is possi-
ble that, in the frozen samples, the penetration
of aldehydes was rapid enough to prevent the
complete loss of this cellular component but
not its spreading. Some myelinic figures were
occasionally observed in the cytoplasm (Figure
1a).  Finally,  cell  nuclei  occurred  at  the  cell
periphery, close to the plasma membrane: they
generally  showed  finely  irregular  borders,
small condensed chromatin clumps at both the
nuclear and nucleolar periphery, and one or
two  roundish  nucleoli  (Figure  1a).  No  evi-
dence of nuclear shape alteration or autolytic
artefacts, such as massive clumping or con-
densation  of  chromatin,  was  ever  found.
Satellite cells were morphologically recogniza-
ble  as  small  cells  located  between  the  sar-
colemma and the surrounding basal lamina of
the  muscle  fibres,  and  provided  with  scanty
cytoplasm and one ovoid nucleus rich in con-
densed chromatin (Figure 1b). The ultrastruc-
ture of the satellite cell components was well
preserved, as in the myofibres.
Based  on  all  these  findings,  the  fix  -
ation/embedding protocols used for ultrastruc-
tural morphology proved to be suitable also for
skeletal  muscle  samples  submitted  to  routi-
nary freezing and long-lasting storage in liquid
nitrogen.
The crucial point for preserving ultrastruc-
tural morphology is the primary fixation; the
subsequent post-fixation with OsO4 certainly
improves the morphology by fixing lipid struc-
tures,  and  the  gradual  dehydration  process
minimizes  possible  volume  changes  of  cell
components,  but  they  would  be  ineffective
without a previous good fixation. It is known
since  the  Sixties
15 that  fixatives  containing
both  paraformaldehyde  and  glutaraldehyde
give excellent preservation of a wide variety of
tissues; paraformaldehyde penetrates tissues
much more rapidly, and temporarily stabilises
structures  that  are  subsequently  fixed  more
permanently by glutaraldehyde. Moreover, the
addition of calcium ions to the fixative seems
to  stabilise  the  membranes  probably  by
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Figure 2. Muscle biopsies immediately fixed after removal from the
body.  a,  b.  Samples  fixed  with  2.5%  glutaraldehyde  and  2%
paraformaldehyde,  post-fixed  with  1%  OsO4 and  embedded  in
Epon. The cytoplasm shows well-preserved sarcomeres; glycogen
(G) mostly occurs as clusters. Mitochondria (arrows) show numer-
ous cristae and electron dense matrix granules, and frequently sur-
round  the  lipid  droplets  (L).  c.  Samples  fixed  with  2%
paraformaldehyde and 0.5% glutaraldehyde, and embedded in LR
White.  The  sarcomeres  are  well  visible  and  the  mitochondria,
which  are  lined  between  them,  show  still  recognizable  cristae
(inset). Bars: a, c 1 µm; b, inset 0.5 µm.[page 140] [European Journal of Histochemistry 2010; 54:e31]
decreasing the extraction of lipids,
2 although it
is usually preferred to use low concentrations
of divalent ions, since their excess may cause
protein precipitation and excessive granulari-
ty.
1 However, in this study the addition of CaCl2
did  not  improve  the  morphological  features
(not  shown),  the  partial  tissue  damage
observed being mainly due to the freezing pro-
cedure. 
After fixation and processing for immuno-
electron microscopy, the frozen muscle sam-
ples were characterised by a still recognizable
myofibrillar  and  sarcomeric  organization
(Figure  3a),  although  this  is  less  preserved
than in samples immediately fixed after dis-
section (Figure 2c). The myonuclei were excel-
lently preserved (Figure 3b) and, even at high
magnification, no sign of the fine reticulation
of nuclear content typical of ice crystal damage
was observed. Interestingly, after conventional
staining  with  uranyl  acetate  an  EDTA-like
effect was apparent, i.e. the bleaching of con-
densed chromatin, which allows the visualiza-
tion of RNP structural components (perichro-
matin  fibrils  and  granules,  interchromatin
granules, nuclear bodies).
16 This phenomenon
was observed to take place after embedding in
some  acrylic  resins  (e.g.  Lowicryl  K4M)  or
after cryofixation.
17 On the other hand, mito-
chondria  appeared  roundish,  shrunken  and
homogeneously  electron  dense  (Figure  3c):
this  clearly  indicates  post  mortem autolytic
changes, which did not occur in bioptic muscle
samples fixed immediately after removal from
the  body  (Figure  2c).  The  fixative  solution
used for these samples was mainly composed
of paraformaldehyde, which cannot give a good
morphology but is necessary to maintain the
immunocytochemical availability. Usually, glu-
taraldehyde is excluded from the fixation solu-
tions for immunocytochemistry, since it brings
in reactive molecular groups that could give
rise to non-specific binding of the probes. In
this study, it was added glutaraldehyde at low
concentration  (0.5%)  to  improve  organelle
morphology  in  the  frozen  samples,  and  free
aldehydes were blocked by using NH4Cl; how-
ever, this precaution did not lead to fully satis-
factory results. Similarly, the addition of CaCl2
to the fixative solution did not improve signif-
icantly  the  ultrastructural  preservation  of
mitochondria, and only some of them showed
hardly recognizable cristae (Figure 3d).
The  results  of  the  immunocytochemical
detection  of  actin  (Figure  4a)  and  myosin
(Figure 4b) demonstrated a good retention of
both the reactivity and intracellular distribu-
tion of these proteins. The anti-actin antibody
gave a lower labelling compared to the anti-
myosin one; we cannot exclude that this may
be due to the binding properties of the two
probes  used,  but  it  is  also  worth  reminding
that actin is more affected than myosin by post
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Figure 3. Frozen muscle biopsies stored in liquid nitrogen for three (a, c, d) or four (b)
years, then fixed with 2% paraformaldehyde and 0.5% glutaraldehyde, and embedded in
LR White. a. In the cytoplasm, the sarcomeric organization is still recognizable and mito-
chondria are arranged in longitudinal lines. b. Myo  nuclei show excellent ultrastructural
preservation  and  an  EDTA-like  effect  (bleaching  of  condensed  chromatin  revealing
ribonucleoprotein  structural  constituents).  In  the  inset  perichromatin  fibrils  (arrow),
perichromatin granules (arrowheads) and interchromatin granules (IG) are clearly visible.
c. Mitochondria are shrunken and homogeneously electron dense, devoid of any sign of
membranous structures. d. The addition of CaCl2 to the fixative solution did not signifi-
cantly improve the ultrastructural preservation of mitochondria and only some mito-
chondria showed hardly recognizable cristae. Bars: a, b 1 µm; c, d, inset 0.5 µm.[European Journal of Histochemistry 2010; 54:e31] [page 141]
mortem proteolytic digestion.
2 The immunolo-
calization of the nuclear factors is consistent
with  data  in  the  literature:
12-14 the  anti-poly-
merase II labelling was mostly associated with
perichromatin fibrils (i.e. the site of pre-mRNA
transcription and early splicing
18) (Figure 4c),
while the anti-snRNP signal was restricted to
perichromatin fibrils and interchromatin gran-
ules (i.e. storage/assembly site of splicing fac-
tors
18) (Figure 4d). All control samples showed
negligible labelling.
The frozen samples are therefore suitable
for  immunocytochemical  analyses  on  cyto  -
skeletal and nuclear components, whereas the
very  poor  mitochondrial  preservation  makes
unreliable any in situ investigation on these
organelles.  However,  it  should  be  reminded
that  also  Epon-embedded  samples  could  be
used for immunocytochemical studies by pre-
viously  submitting  ultrathin  sections  to  an
etching procedure with sodium metaperiodate
or hydrogen peroxide, in order to improve anti-
body binding.
19
In conclusion, this study demonstrates that
routinely  frozen  biopsies  of  human  skeletal
muscle can be successfully processed for mor-
phological and immunocytochemical studies at
TEM by using the simple fixation-dehydration-
embedding protocols usually applied to mam-
malian tissue specimens. It should be under-
lined that accurate procedures of biopsy freez-
ing and storage are prerequisites for the appli-
cation of the described methods.
Keeping in mind the limitations revealed
by  the  present  investigation,  these  results
open  promising  perspectives  for  multiple
exploitation  of  the  bioptic  muscle  samples
stored in tissue banks. This would be espe-
cially  interesting  for  the  ultrastructural
immunolabeling of specific molecular mark-
ers of diagnostic value
20, and in the study of
rare muscle diseases (e.g., myotonic dystro-
phies
21-24 or lamino  pathies
25-27), where the lim-
ited  number  of  biopsies  suitable  for  ultra-
structural  studies  has  so  far  represented  a
great restriction in investigating the cellular
mechanisms responsible for the pathological
phenotype. 
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Figure 4. Frozen muscle biopsies stored in liquid nitrogen for one (a, b) or four (c, d) years, then fixed with 2% paraformaldehyde and
0.5% glutaraldehyde, embedded in LR White and processed for immunocytochemistry. Immunolabelling with anti-actin (a) and anti-
myosin (b): both probes bind specifically myofibrils. The anti-polymerase II antibody (c) labels perichromatin fibrils (arrows), even
when they associate to perichromatin granules (arrowhead); anti-snRNP antibody (d) is associated with perichromatin fibrils (arrows)
and interchromatin granules (IG). Nu: nucleolus. Bars: 0.5 µm.[page 142] [European Journal of Histochemistry 2010; 54:e31]
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